We present a high level ab initio study of NiO and its ions, NiO + and NiO − . Employing variational multireference configuration interaction (MRCI) and single reference coupled-cluster methods combined with basis sets of quintuple quality, 54, 20, and 10 bound states of NiO, NiO + , and NiO − have been studied. For all these states, complete potential energy curves have been constructed at the MRCI level of theory; in addition, for the ground states of the three species core subvalence (3s 2 3p 6 / Ni ) and scalar relativistic effects have been taken into account. We report energetics, spectroscopic parameters, dipole moments, and spin-orbit coupling constants. The agreement with experiment is in the case of NiO good, but certain discrepancies that need further investigation have arisen in the case of the anion whose ground state remains computationally a tantalizing matter. The cation is experimentally almost entirely unexplored, therefore, the study of many states shall prove valuable to further investigators. The ground state symmetry, bond distances, and binding energies of 
I. INTRODUCTION
The present first principles study of nickel mono-oxide and its charged species, NiO and NiO ± , leads to the last chapter in our group's theoretical research in this particular class of diatomic molecules, ScO 0,± , TiO 0,± , CrO 0,± , MnO 0,± (Ref. . As the number of valence electrons to be correlated increases from scandium (3d 1 4s 2 , 3e − ) to nickel (3d 8 4s 2 , 10e − ), so does the degree of computational effort for obtaining accurate results. The systems become ever more demanding, sometimes unable to succumb even to such high level ab initio methods as those presently employed. Another difficulty, omnipresent in the transition metals, arises from the large number of molecular states interacting with each other and crowded within a rather narrow energy window, owing to the high spatial (L) and spin multiplicity (2S + 1) of the ground and lowlying excited states of the metals: (Sc: 2 [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The earliest of those is by Rosen 6 who was the first to report an harmonic frequency for the ground state of NiO in 1945, ω e = 615 cm −1 . In 1961, Grimely et al. 7 made an estimation for the binding energy, D 0 = 85.5 ± 5 kcal/mol, which was reevaluated in more recent years to 89.2 ± 0.7 kcal/mol by Watson and coworkers. 13 In 1988, the ground state symmetry of NiO was established by Srdanov and Harris 9 through laser induced fluorescence spectroscopy as 3 − . In 1992, the excited state A 3 at T 0 = 4337 cm −1 , and r e = 1.6449 Å was reported, a) E-mail mavridis@chem.uoa.gr.
along with ground state data by Ram and Bernath 11 using Fourier transform emission spectroscopy. The properties of the 3 state were further investigated by Friedman-Hill and Field 12 in 1992 through fluorescence spectrometry. In more recent years, workers have studied several excited singlets and triplets of , , and space symmetry, but the assignment of these excited states is not always certain. 15, 17, 18 Their results along with the rest of the experimental data on NiO are summarized in Table I . For the X 3 − ground state, we know the bond length r e = 1.6271291(31) Å, 14 the harmonic frequency ω e = 825.7 cm −1 (Ref. 16) , the binding energy D 0 = 89.2 ± 0.7 kcal/mol, 13 and the electron affinity EA = 1.455 ± 0.005 eV. 18 No experimental measurement for the dipole moment exists. For the A 3 excited state, we have a r e = 1.64489(6) Å, ω e = 780. 8 state is found to be inverted. 11 An excited state close to the 3 at T 0 = 5243 ± 80 17 or 5226 ± 40 18 with r e = 1.66(2) Å and a SO coupling constant 3A = 968 ± 80 cm −1 (Ref. 17 ) is of 3 3 symmetry. Within the low-lying excited spectrum, we also find a 1 17 state with r e = 1.600(6) Å, ω e = 615 ± 15 cm −1 at T 0 = 7582 ± 80 cm −1 , and a state of unknown symmetry at T 0 = 2525 ± 40 cm and r e = 1.66 ± 0.01 Å. 18 The existence of this 1 state at ∼7500 cm −1 by Wu and Wang 15 and Moravec and Jarrold 17 is doubted by Lineberger and co-workers, 18 who propose instead a state of triplet multiplicity either of a , , or spatial symmetry in this range of excitation energy.
Concerning the theoretical work on NiO, we traced seven ab initio 20-24, 26, 31 and eight density functional theory (DFT) 16, 25, 27-30, 32, 33 Total energies E (E h ), bond distances r e (Å), dissociation energies D e (kcal/mol), harmonic frequencies, and anharmonicity corrections ω e , ω e x e (cm −1 ), rotational-vibrational coupling constants α e × 10 3 (cm −1 ), and dipole moments μ (D) of the X 3 − of 58 Ni 16 O at various levels of theory. 31 focuses exclusively on the dipole moment. Using a fixed r e = 1.626 Å and single point calculations with reduced sized basis sets, they give a non-relativistic multiconfigurational second-order perturbation method (CASPT2)/CCSD(T) μ = 5.373/4.768 D while the corresponding relativistic value is μ = 5.732/4.789 D. Notice that while relativity increases the dipole moment by 0.36 D at the CASPT2 level does not affect the CC value, and is in itself a rather conflicting finding. As we will see in Sec. III (see Table II ), scalar relativistic effects reduce the dipole moment calculated by the finite field approach by 0.2-0.3 D in all methods employed. It suggests as well the inappropriateness of the CASPT2 method for tackling problems of such complexity as the NiO.
Experimental work on NiO + is very limited. The only available data are the binding energy of the ground state and the ionization energy (IE) of NiO, most by the Armentrout research group through guided ion beam spectrometry. 10, [34] [35] [36] The first measurement of the IE was by Grimely et al. 7 via mass spectroscopy in 1961; it was found to be 9.5 ± 0.3 eV. A very recent measurement of the binding energy in 2003 gave D 0 = 61.6 ± 4.6 kcal/mol, 36 while an IE deduced in 1990 from a D 0 = 63.2 ± 1.6 kcal/mol 35 is 8.77 ± 0.18 eV. 35 The theoretical work is limited to two ab initio 37, 40 and three DFT 29, 38, 39 publications. The first work published in 1988 by Carter and Goddard 37 predicted a 2 as the ground state of NiO + using GVBCI(Opt)/∼DZP calculations. Later on the ground state was determined theoretically as 4 − . 38, 40 The most recent and worth noticing ab initio work is that by Nakao et al. 40 These researchers studied around equilibrium 16 6 ) calculations. Potential energy curves (PEC), total energies, dissociation energies, spectroscopic parameters (r e , ω e , ω e x e , α e ), excitation energies, dipole moments (NiO), and Mulliken charges are reported along with spin-orbit constants for selected states.
The structure of the paper is as follows: Sec. II refers to computational details, Sec. III to results and discussion on the three species, NiO (Sec. III A), NiO + (Sec. III B), and NiO − (Sec. III C), whereas Sec. IV epitomizes our findings.
II. COMPUTATIONAL DETAILS
For the Ni atom, the correlation consistent basis set of quintuple cardinality by Balabanov 50 are less than 0.4 kcal/mol around equilibrium, small enough not to be considered any further. Spectroscopic parameters have been determined by solving numerically the one-dimensional Schrödinger equation of the two nuclei. The size non-extensivity error (SNE) is evaluated by subtracting the sum of the energies of the atoms from the total energy of the supermolecule at an internuclear distance of 30 bohrs. We find that for the ground state of NiO, SNE(X 3 − ) = 22(6) and 35(11) mE h at the MRCI (+Q)/A5ζ and C-MRCI(+Q)/CA5ζ level, respectively, where +Q refers to the Davidson correction. 51 To further reduce the SNE, multireference ACPF 52 calculations have been performed for the ground states of the three species. The SNE is estimated at the ACPF/A5ζ level to be only 0.20 mE h whereas about the same (0.26 mE h ) is found at the ACPF/CA5ζ level.
All calculations have been carried out by the MOLPRO 2010 suit of codes.
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III. RESULTS AND DISCUSSION
A. NiO
The ground state of nickel is 3 F(3d 8 4s 2 ), but taking into account the spin-orbit interaction the situation changes. As a matter of fact, the M J averaged values of 3 Plain MRCI results for 54 states of NiO are given in Table S1 of the supplementary material. In addition for these states MRCI leading configurations and atomic populations are available in Tables S2 and S3 of the supplementary material, respectively. = 82.9 kcal/mol, stays behind the experimental value by more than 6 kcal/mol or 7%. However, the MRCI-L+DKH2+Q D 0 , corrected for core effects taken from the C-MRCI+Q vs MRCI+Q results amounting to −5.4 kcal/mol (Table II) kcal/mol in excellent agreement with experiment. Also the C-ACPF+DKH2 dissociation energy, D 0 = 87.3 kcal/mol − 983/2 cm −1 = 85.9 kcal/mol, can be considered in fair agreement with experiment. Observe the multireference convergence to the experimental value, D 0 = C-MRCI+DKH2+Q (82.9) → C-ACPF+DKH2 (85.9) → MRCI-L+DKH2+Q + core corrections (88.5 kcal/mol); Table II. We cannot claim success concerning the bond distance r e . Although our best single reference method C-RCCSD(T)+DKH2 gives a fair value of r e = 1.606 Å, 0.02 Å shorter than the experimental one, the multireference methods (MRCI, ACPF, MRCI-L) converge at the highest level to r e = 1.590 Å or less. Assuming that the experimental values D 0 and r e are truthful, the above discussion reveals the difficulty of obtaining the right numbers for the right reasons, particularly when 3d-transition metals are involved; Refs. 1-4. Obviously, a plethora of cancellation and "accidental" effects can lead to wrong or misleading conclusions.
We now turn to the permanent electric dipole moment of NiO; recall that there is no experimental value. Notice (Table II) the numerical differences between expectation value μ and finite field μ FF dipole moments, the latter being always larger by 1-1.5 D. The proposed value nests about the μ FF result, namely, μ FF = 4.5 ± 0.2 D, and is more reliable for reasons discussed in Ref. 55 . In addition, we would TABLE III. Total energies E (E h ), bond distances r e (Å), harmonic frequencies and anharmonicity corrections ω e , ω e x e (cm −1 ), rotational-vibrational coupling constants α e × 10 3 (cm −1 ), dipole moments μ (D), Mulliken charges on Ni, q Ni , and energy separations T e (cm −1 ) of 54 states of 58 Ni 16 Results for 53 excited states of NiO calculated at the MRCI+Q/A5ζ -SA approach can be found in Table III ; the X 3 − state is also included for reasons of comparison. Dissociation energies D e are not given because we suspect that they can be as much as 20% off as judged from the MRCI+Q/A5ζ -SA D e of the X 3 − state vs its experimental value. The reason should be traced to the SA approach, which in the present case loses some ∼17 mE h of correlation energy at equilibrium as compared to the state specific MRCI+Q/A5ζ method (Table II) . Corresponding values at infinity are practically the same. It should be stated at this point that the dissociation energy is one of the most interesting and at the same time problematic property of a diatomic molecule, depending directly on the adiabatic atoms (see also Ref. 56) . The rest of the properties listed in Table III are pure equilibrium molecular properties, thus, SA techniques can act even beneficiary through cancellation effects.
We now discuss the first four low-lying states of NiO located about 0.5 eV above the X-state, tagged as a 5 − , A 3 , B 3 , and b 1 ; Fig. 1 and Fig. 1 ). According to the present theoretical work, the first excited state is a 5 − at T e = 3804 cm −1 , a rather "dark" state for experimentalists. Surprisingly, it has never been calculated before nor observed; the only hint of its existence is made by Ramond et al. in 2002. 18 These workers tentatively suggested the existence of a state (no symmetry is given) located at 2525 ± 40 cm −1 at r e = 1.66(1) Å, involving an electron detachment from a δ orbital. Although the MRCI+Q r e value is in excellent agreement with experiment, we locate it more than ∼1000 cm −1 higher than the suggested experimental gap, at T = 3804 cm −1 , a discrepancy that requires further investigation. It is remarkable, but not surprising, that the plain MRCI energy separation of the a 5 − is T e = 2566 cm −1 (at r e = 1.68 Å), in perfect agreement with the experimental value (see Table S1 of the supplementary material 57 at an experimental T e = 5226 ± 40 and r e = 1.66(2) Å. 18 The corresponding MRCI+Q theoretical values are T e = 5041 and r e = 1.676 Å, certainly in good agreement with experiment (Table III) Worth noticing is that the 1 1 + state with a similar configuration as the 1 lies at 7559 cm −1 . The leading configurations of the 1 + are identical to those of the b 1 but with a "+" sign instead of a "−" one. . We have calculated 14 bound states pertaining to the first channel (7 doublets and 7 quartets) and six more related to the second (one doublet, one quartet, and four sextets), a total of 20 states; see Fig. 2 . Eight more repulsive states are depicted in Fig. 2 along with an energy level diagram. In Table IV , we examine the ground state of NiO + (X 4 − ) in various levels of theory, whereas numerical results at the MRCI+Q/A5ζ -SA level are collected in Table V . Although a considerable number of excited states were studied experimentally for the neutral species (vide supra), no such findings exist for the cation.
Higher states
X 4 −
As was already mentioned, the only experimental knowledge of NiO + is its binding energy and an ionization energy, D 0 = 63.2 ± 1.6 kcal/mol and IE = 8.77 ± 0.18 eV obtained by the Armentrout group. 35 A more recent measurement of the binding energy made by the same group 13 years later gave, D 0 = 61.6 ± 4.6 kcal/mol. 36 The ground state symmetry obtained theoretically in 2001 by Nakao et al. 40 as X 4 − , has been definitely confirmed by the present theoretical study. Unlike the neutral or anion species (see Sec. III C), the ground state of NiO + is well separated from its first excited (1 4 ) state by some 6000 cm −1 ; see Fig. 2 . Scalar relativistic and core-subvalence effects play an important role in NiO + (see also the neutral species). In all methods, DKH2 effects increase consistently the binding energy by 6.0 kcal/mol, while decreasing the bond distance by ∼0.005 Å. On the other hand, coresubvalence effects (3s 2 3p 6 ) reduce the binding energy by 4.0 and 2.0 kcal/mol at the MRCI and CC methods, respectively (Table IV) × 100 ≈ 11% off, a rather acceptable result, assuming of course that the experimental value is correct. Once more we would like to emphasize the difficulties of obtaining relatively accurate results, particularly binding energies, even for diatomic molecules of the type MX where M is a 3d-transition metal and X a main group element. With no doubt the problems increase as we move from Sc This bonding picture is in conformity with the composition of the MRCI σ orbitals, the doubly occupied 2σ and the singly 40 is mainly due to the relativistic effects included in the latter work through the relativistic pseudopotentials. For the X 4 − , it was found presently (see also Sec. III A), that scalar relativistic effects increase consistently the binding energy by 6.0 kcal/mol. Therefore, it is advisable to boost all our D e numbers given in Table V With the exception of the four sextet states 6 ( , , + , and ) where the metal seems to accept less than ∼0.1e
Higher states
− from the oxygen atom, about 0.35-0.40 e − are transferred from Ni + to O. It should be observed that all four calculated bound sextets correlate to the second energy channel, with bond energies much smaller than the doublets and quartets and bond distances by ∼0.7 Å larger ( Table V) .
As before plain MRCI results for all 20 states of NiO + can be found in Table S4 of the supplementary material along  with MRCI leading configurations and atomic populations,  Tables S5 and S6 of the supplementary material, respectively.
C. NiO
−
The first anion PES study of NiO − was done in 1997 by Wu and Wang. 15 They proposed a 2 as the ground state of the anion on the assumption that the extra electron is attached to a π orbital of the neutral's X 3 − leading configuration, 2σ 2 3σ 2 1π 4 2π 2 1δ 4 . At around the same period, Moravec and The bond distance for the 4 − state converges to r e = 1.65 ± 0.01 Å at all levels of theory; experimentally it has not been measured. The bond length for the 2 is 1.61 Å at the multireference level or 1.64 Å at the coupled cluster level. Notice, however, that the bond length derived from a state average calculation of the 2 is considerably larger, approaching that of the RCCSD(T), r e = 1.646 Å; see Table VIII . This shows the strongly prevailing multireference character of the state. Overall the difference with experiment is at best ∼0.02 Å, r e (X The 4s-4p interaction forms a hybrid on the metal with an occupation of ∼2e − . The MRCI composition of the σ molecular orbitals is
The 2σ is mainly the 3d z 2 atomic orbital of Ni, the singly occupied 4σ orbital is a non-bonding (4s4p z ) hybrid, while the bonding can be ascribed to the 3σ distribution. The 3σ and 4σ molecular orbitals are part of a two-centre-three-electron bond. The bonding is roughly captured by the following vbL diagram, considering that the interaction takes place from the first excited state of nickel, 3 atomic populations, in Tables S7, S8 , and S9, respectively, of the supplementary material.
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IV. SYNOPSIS AND REMARKS
We have employed high level ab initio methods to investigate the ground and excited states of the NiO 0,± species. In particular, 54, 20, and 10 full PECs have been constructed for NiO, NiO + , and NiO − , respectively, at the MRCI level of calculation employing augmented correlation consistent basis sets of quintuple quality. The ground states of NiO and NiO ± were also examined at the single reference coupledcluster RCCSDT(T) level. Further computational variations included scalar relativity (second order Douglas-Kroll-Hess) and subvalence core (3s 2 3p 6 / Ni ) effects. We report energetics, spectroscopic parameters, and dipole moments. An effort was made to identify the experimentally numerous excited states to our findings. Our results are summarized below: The ground state symmetry of NiO + is experimentally unknown, determined presently as X 4 − in accord with a previous ab initio result. For this state, a bond distance r e = 1.60 Å is recommended and a binding energy D 0 = 55 kcal/mol, which is by ∼6-7 kcal/mol lower than the experimental value of D 0 = 61.6 ± 4.6 or 63.2 ± 1.6 kcal/mol. The theoretical ionization energy is IE = 8.8 eV in good agreement with the experimental value of 8.77 ± 0.18 eV. (c) NiO − : Experimentally (photoelectron spectroscopy), the ground state of NiO − is 2 , but theoretically at the multireference level the ground state is 4 − , with a 2 found higher by ∼2000 cm −1 . This order, however, is reversed in the single reference RCCSD(T) calculations. We only formally propose the 4 − to be the ground state for NiO − favoring our MRCI results. Theoretically, r e ( 4 − ) = 1.65 ± 0.01 Å while for the 2 the bond length is found shorter than the experimental value by 0.02 Å at best, r e = 1.64 Å. The SO coupling constant A (experiment in parenthesis) is 2A ( 2 ) = 238 (275 ± 30) cm −1 . An experimentally assigned 2 + state (but uncertain as to the symmetry) is located ∼500 cm −1 above the ground state, is found much higher at 10 546 cm −1 . The calculated EA is ∼0.2 eV lower than the experimental one, EA = 1.455 ± 0.005 eV.
The "experimental" binding energy of NiO − obtained through a conservation energy relationship, is identical to that of the neutral species because EA(O) = EA(NiO). Therefore, D 0 (NiO − ) = 89 kcal/mol as compared to the calculated values D e = 85 ( 4 − ) or 87 ( 2 ), at the multireference or coupledcluster level, respectively.
The calculational vicissitudes of the 3d-MX diatomics are well known by now. A prominent example was found presently in the case of the ground state of NiO − , which could not be established despite our extended efforts (vide supra). Nonetheless, an attempt is made to assign nine excited states of NiO and for that matter the agreement with experiment is good. We believe that the 54 calculated states of NiO should provide further experimental stimulus. The case of NiO + is totally uncharted experimentally and we hope to have provided some useful theoretical results as to the ground and excited state properties. We tried to match the available experimental data with our calculations and further investigate a large number of excited states. Given the extent of our calculations -large (5ζ ) basis sets and state-of-the-art methods, MRCI and RCCSD(T) -as well as the different computational "angles" we chose to peer through the molecule (relativity, core effects, larger reference space), we believe to have driven our results to their contemporary computational limit. Despite all discrepancies, this fact makes us hope that anyone who has an interest in the transition metal mono-oxides, and the NiO 0,± species in particular, shall find the information contained hither most useful.
